We show that a simultaneous explanation for fermionic mass hierarchy among and within the fermionic families, quark-mixing, can be obtained in an extension of the standard model, with real singlet scalar fields, which is UV completed by vector-like fermions.
In a recent interview published in CERN COURIER, Steven Weinberg was asked what single open question he would like to see answered in his lifetime, and Weinberg replied that it is only the mystery of the observed pattern of quarks and leptons masses [1] .
The fermionic mass hierarchy in the standard model (SM) is a very complex problem, and can be divided into three hierarchies. The first is the mass hierarchy among fermionic families, i.e. m τ >> m µ >> m e , m b >> m s >> m d and m t >> m c >> m u . The second hierarchy is within the family, i.e., m d > m u , m c >> m s , m t >> m b , and the third hierarchy resides in the quark-mixing angles, i.e. sin θ 12 >> sin θ 23 >> sin θ 13 .
Serious efforts have been made to solve this problem within the framework of extended gauge or flavour symmetries . For instance, a solution in Ref. [9] depends on an extended nonabelian gauge sector and a number of scalar fields along with vector-like fermions. The solution of Ref. [11] also depends on an extended nonabelian gauge sector, a global axial U (1) symmetry and a number of scalar fields. Other solutions are based on extended gauge sectors such as Pati-Salam [44] and SO(10) unification, flavor nonabelian continuous and discrete symmetries. Some solutions even employ all of these features, for instance see Refs. [14, 16, 19] . Futhermore, they only explains fermionic mass hierarchy among the three families, and failed to explain hierarchy within the families except Ref. [10] .
A simultaneous solution of this problem within the gauge symmetry of the SM, and without any global nonabelian continuous or discrete symmetries is a challenging problem. There are wild speculations such as composite structure of fermions which means they are not fundamental particles [45] . However, there are no signatures of such theories at the Large Hadron Collider (LHC) so far. Hence, it seems that the resolution of this problem may have its origin within the framework of the SM.
In this paper, we present two different models to address this issue. In the first model, a solution of the fermionic mass hierarchy among the three families is presented. In the second model, we present a fermionic and scalar extension of the SM which simultaneously have a solution of the problem of the inter-as well as intra-family mass hierarchy of the SM as well as the small quark-mixing.
The central idea of this work comes from the observation that in the SM the mass generation of the charged fermions of the three families is achieved by ad hoc insertion of the Yukawa Lagrangian of dimension 4. This Lagrangian is indeed a selection in the sense that for recovering masses of fermions one can also choose the next operator which is of dimension 5 provided the Yukawa operator is forbidden by some symmetry.
In this paper, we propose that masses of all fermions are generated through diemnsion-5 operators instead of the Yukawa Lagrangian. This selection rule also put charged fermion masses on an equal footting with neutrino masses which are generated by the Weinberg operator within the framework of the SM. Having chosen this selection rule, we investigate the impact of this rule on the fermionic mass spectrum of the SM.
It turns out that for explaining the mass hierarchy among three families, atleast three real singlet scalar fields are required. For explaining full pattern of the fermionic masses which includes inter-as well as intra-family mass hierarchy and quark-mixing, one needs exactly six real scalar fields. This model has its ultra-violet (UV) completion in the form of vector-like fermions. It turns out that this model may have nontrivial implications for recently observed flavour anomalies in quark-level b → sll transitions [46, 47] .
We first discuss fermionic mass heirarchy among the three families in our first model. For this purpose, we add three real singlet scalar fields 1 , 2 and 3 to the SM whose transformations under SU (3) c ⊗ SU (2) L ⊗ U (1) Y are the following 1 :
Furthermore, we extend the symmetry of the SM by imposing discrete symmetries Z 2 , Z 2 and Z 2 on the right handed fermions of each family, scalar fields 1 , 2 , and 3 as shown in Table 1 .
The Yukawa Lagrangian is now completely forbidden by Z 2 , Z 2 and Z 2 symmetries. The masses of fermions of three families are now recovered from dimension-5 operators given by the following equation:
where superscripts denote the family number and l L is leptonic doublet of the SM. It is emphasized that mass hierarchy of fermionic families is a strong repercussion of this model. This is because vacuum expectation values (VEVs) of the real singlet scalar fields are such that 3 >> 2 >> 1 . This explains without any presupposition why top quark is so heavy and electron is so light. It should be noted that this model has its own independent phenomenology which could be explored at the LHC as well as in low energy flavour physics.
We discuss now a more powerful prediction of symmetries Z 2 , Z 2 and Z 2 in our second model. It is natural to ask if a simultaneous explanation could be obtained for observed pattern of charged fermions among the three families as well as within the family. This is a very difficult and bigger problem. Hence, the cost of its solution is also bigger. The price to pay is to add six real singlet scalar fields i : (1, 1, 0) where i = 1 − 6 which have charges under discrete symmetries Z 2 , Z 2 and Z 2 as given in Table 2 .
We note again that symmetries Z 2 , Z 2 and Z 2 forbid the Yukawa Lagrangian. Masses of fermions are again recovered by dimension-5 operators. The mass Lagrangian now reads, 
, and m t >> m c >> m u . We observe that neutrino masses are generated by the Weinberg operator which involves only the SM Higgs doublet field. Table 2 : The charges of right-handed fermions of three families of the SM and singlet scalar fields under Z 2 , Z 2 and Z 2 symmetries. We show flavour of right-handed fermion by superscript.
A UV completion of models described in tables 1 and 2 can be achieved by introducing one vector-like isosinglet up type quark, one vector-like isosinglet down type quark, one isosinglet vector-like charged lepton and one iso-singlet vector-like neutrino. Their transformations under
where subscript denotes the charges under under Z 2 , Z 2 and Z 2 symmetries. The mass Lagrangian for vector-like fermions is given by,
The interactions of vector-like fermions with the SM fermions of only three families, for instance for leptons, are given by,
where q L is quark doublet of the SM. A similar Lagrangian can be written for leptons. Now we discuss what could be the scale of new physics(NP) entering in Eqs. (2) and (3). The LHC searches are indicating that the scale of vector-like fermions, which are NP in our model, should be greater than 900GeV [49, 50] . If we naively assume that the lightest VEV v 1 which couples to u quark is of the order of 900GeV, for which there is no reason to assume, the contribution of NP to the mass Lagrangian in Eq.3 is expected to be very small. However, there is also contribution to masses from Eqs. (5) and (6) within the renormalized theory. Such contribution is nontrivial and recovers the physical mass as shown in Ref. [51] where tree-level masses of light quarks are forbidden by a flavor symmetry.
The next challenge is to explain small quark-mixing along with the fermionic mass hierarchy among and within the three families. This is again a formidable problem, and more difficult than the problem of fermionic mass hierarchy among and within the three families.
The mass matrix for down type quarks approximately reads,
where VEVs of the scalar fields are,
We recast mass matrix given in Eq. (7) into the following form:
where m d is the 3 × 3 SM fermionic block, M D is 1 × 1 diagonal block. We first diagonalize mass matrix M D through bi-unitary transformation, 
Using this, we obtain following relations:
The matrix K d can be evaluated using the matrix H ef f with the help of Eq. (60) and Eq. (95) of Ref. [52] . In the limit v, v 2 , v 4 << v 6 , M , we obtain the following three mixing angles which completely parametrize the matrix K d :
), tan θ
), (16)
).
Similarly the matrix K u , in the limit v, v 1 , v 3 << v 5 , M , can be derived for the mass matrix of up-type quarks which is parametrized by the following three mixing angles:
), (17) tan θ
The Cabibbo-Kobayashi-Maskawa matrix is given by V CKM = K † u K d , and the three mixing angles in the standard parameterization [53] are,
From the above results, it is remarkably obvious that we have obtained sin θ 12 >> sin θ 23 >> sin θ 13 in the limit v 2 << v 4 << v 6 . We discuss now how to avoid artificial fine-tuning of parameters in the scalar potential in this model and keep hierarchies among different VEVs. This will result in a stable potential. A solution of this can be achieved by imposing three discrete Z 3 symmetries on the six real singlet scalar fields and right-handed SM fermions as shown in the table 3. Table 3 : The charges of right-handed fermions of three families of the SM and singlet scalar fields under Z 3 , Z 3 and Z 3 symmetries. Here, ω is the cube root of unity.
These symmetries forbid quadratic, cubic and quartic terms of the singlet scalar fields as well as their interactions with the Higgs field allowed by Z 2 , Z 2 and Z 2 symmetries. The scalar sector is now the scalar potential of the SM with quadratic terms consist of singlet scalar fields,
It should be noted that the third and fourth terms in Eq.(19) break all Z 3 and Z 2 symmetries softly, respectively. As shown in Ref. [54] , this potential is stable, and can play a crucial in strong eletroweak phase transition. There are hierarchical VEVs in this model. Therefore, one expects some mechanism to protect them against quantum corrections. Since there are six scalar singlet fields with already present Higgs field in this model, they could be a result of a broken global symmetry, similar to little-Higgs models [55, 56] . For instance, it can be easily noted that terms containing singlet scalar fields in the scalar potential in Eq. (19) are invariant under rotations of six fields which leads to SO(6) global symmetry where as terms containing Higgs doublet field are invariant under global custodial SO(4) symmetry.
One may ask why some VEVs are small while others are large. A priori there is no theoretical justification that there must be a reason for smallness or largeness of every VEVs. One reason for a small VEV is simply that it contributes to a phenomenologically known small mass, for instance, u quark mass. Moreover, if there exist a larger theory, there could be an alternative explanation of smaller VEVs. Nevertheless it is not a fundamental requirement.
The main idea of the models discussed in this work is to assume that masses of all fermions are generated by the dimensions-5 operators instead of the Yukawa operators of dimension-4. This selection rule provides a dynamical origin of the fermionic mass hierarchy among and within the three fermionic families of the SM along with the quark-mixing pattern. We stress that a simultaneous explanation of these three hierarchies in terms of a dynamical mechanism is rare in literature. Especially, the fermionic mass hierarchy within the three families is not studied well in literature.
In literature, isosinglet vector-like quarks with charge assignments Q = 2 3 or Q = − 1 3 are independently studied [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] . Q = 2 3 isosinglet appears in Little Higgs models [55, 56] .
isosinglet is essential ingredient of E 6 GUTs [76, 77] . However, present models and models discussed in Refs. [78] [79] [80] [81] are class of models where both charge assignments are inevitable since they constitute UV completion of these models. Moreover, vector-like fermions U , D, E and N couple to three fermionic families of the SM. Thus, these models provide rich and novel phenomenology. These models will be subject to constraints coming from the oblique parameters S, T and U [82] [83] [84] [85] . The expressions of S, T and U parameters for an arbitrary number of families plus vector-like quarks are derived in Ref. [59] . For just one isosinglet of charge Q = 2 3 , they depend on CKM matrix element V T b and mass of the singlet T [62] . For the case of isosinglet of charge Q = − 1 3 constraints from Z → bb and FCNC process at low energies are much more stringent [62] . In the models presented in this work, since vector-like fermions U , D, E and N are simultaneously present, additional CKM, FCNC couplings will appear in the expressions of S, T and U parameters which will make constraints of these parameters loose on these models. Low energy FCNC processes will be a better place to constrain the parameter space of these models. For instance, process K + → π + νν can constrain the FCNC coupling involving s and d quarks. Similarly K 0 , B 0 , B 0 s and D 0 oscillations can restrict various CKM and FCNC couplings of these models. In addition to this, Higgs production and decays, specifically Higgs to two photons decay, will further place stringent bounds on the parameter space of the model.
Finally comment about the so-called "flavour anomalies" in quark-level b → sll transitions [46, 47] . Very recently, it is shown in a paper by Botella et al [86] that these anomalies can be explained by extending the SM by vector-like quarks and a heavy neutrino. These models provide another realization of the framework of Ref. [86] in the sense that they have a vectorlike quark U and a heavy neutrino N required by their explanation, and an explanation for flavour anomalies similar to Ref. [86] may also be obtained in the models discussed in this work. However, now FCNC effects of neutral scalar will also contribute to the explanation of the anomalies.
We conclude by summarizing what we have achieved in the extension of the SM presented in this work. We have presented a selection rule which employs the dimension-5 operators to generate masses of all fermions of the SM. This results an extension of the SM in fermionic and scalar sectors. On the other side, symmetry is extended by discrete symmetries Z 2 , Z 2 and Z 2 leading to two class of models. Moreover, for avoiding any fine-tuning of couplings in the scalar sector, discrete symmetries Z 3 , Z 3 and Z 3 are further imposed. The dimension-5 operators are UV completed by vector-like fermions. This model allows us to explain simultaneously fermionic mass hierarchy among and within the three families, quark-mixing. We wish to do a thorough phenomenological investigation of this model in future.
